ABSTRACT Identification of regional myocardial ischemia by TQ-ST segment mapping, while comnmonly used, is relatively imprecise and nonspecific. In 41 open-chest dogs we examined whether monophasic action potentials (MAPs) recorded from the myocardial surface by means of a new contactelectrode technique could be used to more precisely and specifically index regional myocardial ischemia. After ligation of the left anterior descending coronary artery (LAD), epicardial and endocardi-al MAPs from the ischemic region demonstrated shortening of plateau duration followed by a progressive loss in amplitude to 48 ± 8% and in maximum upstroke velocity (dV/dtmax) to 9 2% of control (n = 7). Regional hyperkalemia produced by intracoronary injection of potassium chloride also resulted in regional decreases in duration, amplitude, and dV/dtmax of the MAP. Similar to previously reported effects on transmembrane action potentials, ischemia-or hyperkalemia-induced loss in MAP amplitude was due to decreases in both diastolic (negative) and systolic (positive) potential and paralleled TQ segment depression and "true" ST segment elevation in unipolar direct current-coupled electrograms recorded from an adjacent site. In eight canine hearts we compared the abilities of MAP recordings and TQ-ST segment measurements in defining a region of myocardial ischemia. Transmural ischemia with a sharp flow border was produced by LAD ligation and distal embolization with dental rubber. One hour later simultaneous MAP and TQ-ST mapping was performed in each dog at 45 to 65 epicardial sites inside and outside the ischemic region. TQ-ST voltage was significantly increased 10 to 20 mm outside the visible cyanotic border, reaching a maximum just inside the border and decreasing progressively toward the center of the ischemic region to values not significantly different from those from sites 10 mm outside the ischemic border. In contrast, MAP amplitude and dV/dtmax were normal up to 5 to 10 mm outside the cyanotic border, decreased sharply across a lateral transition zone of only 8 mm to 8.7 + 2.3% and 4.3 + 0.9% of control, respectively, at sites 4 to 6 mm inside the border, and were uniformly abnormal across the entire ischemic region. Recordings made 3 hr after LAD ligation revealed an overall decline in the magnitude of TQ-ST, making definition of the ischemic border by TQ-ST even less precise, whereas the differences between MAPs from normal and ischemic myocardium had become even more pronounced than after 1 hr. Thus, unlike TQ-ST segment measurements, MAP recordings uniquely define ischemic and nonischemic sites and more precisely localize the border of an ischemic region. The similarities between the effects of regional ischemia and potassium chloride administration on MAPs and on transmembrane action potentials, as previously reported, further suggest that MAP recordings provide specific information about local electrophysiologic alterations. Endocardial and epicardial MAP mapping by this technique may allow assessment of the efficacy of interventions designed to reduce myocardial ischemia in the catheterization laboratory and in the cardiac operating room. Circulation 69, No. 3, 593-604, 1984. LOCALIZATION of a region of myocardial ischemia by epicardial or precordial ST segment mapping, while commonly used, is both imprecise and nonspecific.S T segment displacements do not directly reflect local 
control (n = 7). Regional hyperkalemia produced by intracoronary injection of potassium chloride also resulted in regional decreases in duration, amplitude, and dV/dtmax of the MAP. Similar to previously reported effects on transmembrane action potentials, ischemia-or hyperkalemia-induced loss in MAP amplitude was due to decreases in both diastolic (negative) and systolic (positive) potential and paralleled TQ segment depression and "true" ST segment elevation in unipolar direct current-coupled electrograms recorded from an adjacent site. In eight canine hearts we compared the abilities of MAP recordings and TQ-ST segment measurements in defining a region of myocardial ischemia. Transmural ischemia with a sharp flow border was produced by LAD ligation and distal embolization with dental rubber. One hour later simultaneous MAP and TQ-ST mapping was performed in each dog at 45 to 65 epicardial sites inside and outside the ischemic region. TQ-ST voltage was significantly increased 10 to 20 mm outside the visible cyanotic border, reaching a maximum just inside the border and decreasing progressively toward the center of the ischemic region to values not significantly different from those from sites 10 mm outside the ischemic border. In contrast, MAP amplitude and dV/dtmax were normal up to 5 to 10 mm outside the cyanotic border, decreased sharply across a lateral transition zone of only 8 mm to 8.7 + 2.3% and 4.3 + 0.9% of control, respectively, at sites 4 to 6 mm inside the border, and were uniformly abnormal across the entire ischemic region. Recordings made 3 hr after LAD ligation revealed an overall decline in the magnitude of TQ-ST, making definition of the ischemic border by TQ-ST even less precise, whereas the differences between MAPs from normal and ischemic myocardium had become even more pronounced than after 1 hr. Thus, unlike TQ-ST segment measurements, MAP recordings uniquely define ischemic and nonischemic sites and more precisely localize the border of an ischemic region. The similarities between the effects of regional ischemia and potassium chloride administration on MAPs and on transmembrane action potentials, as previously reported, further suggest that MAP recordings provide specific information about local electrophysiologic alterations. Endocardial and epicardial MAP mapping by this technique may allow assessment of the efficacy of interventions designed to reduce myocardial ischemia in the catheterization laboratory and in the cardiac operating room Subendocardial unipolar electrograms were obtained from the deepest intramyocardial electrode of a multicontact plunge electrode'6 inserted into the anterior free wall in a location close to the site of endocardial MAP recording. An electrode in the left leg was used as the reference electrode. The unipolar electrogram and a standard electrocardiographic (ECG) limb lead were amplified with standard (alternating current-coupled) ECG amplifiers.
Epicardial MAP recordings were obtained with a contactelectrode probe, the design of which was based on the MAP catheter described above. This probe consisted of an L-shaped cantilever with two Ag-AgCI electrodes mounted on its distal end ( figure 1, A) . The "exploring" electrode at the tip of the probe was 1 mm in diameter and imbedded in a thin mantle of epoxy cement. The reference electrode was located along the probe shaft 5 mm proximal to the tip ( figure 1, B) . Continuous contact of the tip electrode with the epicardial surface of the beating heart was provided by a spring-loaded mechanism built into the shaft of the cantilever. Electrical continuity between the tip and the reference electrode and between the reference electrode and the epicardium-was provided by a soft piece of cylindrically shaped foam rubber soaked with a 0.9%o saline solution. The probe, either mounted or handheld, provided continuous MAP recordings of stable amplitude, smooth contour, and isopotential diastolic baselines over prolonged time periods from a single epicardial site ( figure 1, D) . The stability of the zero reference potential was checked at the beginning of each experiment and between interventions by comparing it with the diastolic potential recorded at the aortic root. All MAP signals were preamplified with high-input impedance, direct currentcoupled differential amplifiers (Grass Instruments, Model P 18) .
Epicardial unipolar electrograms were recorded by connecting the proximal electrode of the MAP recording probe to the positive input of a second direct current-coupled amplifier. A distant reference electrode was provided by another Ag-AgCI electrode sewn onto the aortic root (figure 1, C). With this method local unipolar direct current-coupled epicardial electrograms could be recorded simultaneously and from the same sites from which the epicardial MAP recordings were being made, permitting a direct comparison of the two signals during ischemia, reperfusion, and electrolyte administration. Electrical interference between the two recording circuits was not observed. The pressure exerted on the myocardium by the tip of the MAP electrode produced no detectable effect on the unipolar epicardial electrogram ( figure 1, D) . All signals were displayed simultaneously on a multichannel oscilloscope and recorded at a paper speed of 25 or 50 mm/sec with the use of ink jet (Siemens Elema) or ink pen (Gould Instruments) multichannel recorders.
Data analysis. Effects of regional elevation of potassium ion concentration on MAP recordings. In six additional dogs the specificity of the MAP to changes in regional extracellular electrolyte concentration was examined by intracoronary administration of potassium chloride. Three milliliters of 5% potassium chloride was injected as a bolus into the LAD by retrograde injection via a small polyethylene catheter inserted into the first diagonal branch. MAPs in the vascular distributions of both the LAD and circumflex coronary artery were continuously recorded before, during, and after the injection from either the endocardium or epicardium of the left ventricle.
Epicardial mapping of transmural ischemialinfarction. The ability to localize a region of myocardial ischemia with epicardial MAP recordings was examined in an additional eight dogs and compared with standard epicardial ST segment maps. To produce transmural ischemia and infarction in a canine heart the LAD was permanently ligated and a biologically inert, nonresorbable polymer (dental rubber) was injected into the arterial lumen. This technique of vascular embolization, which extends into the arterioles, has previously been shown to create transmural infarcts with sharp histologic borders in canine hearts. 17 The white color of the injectate was also helpful in determining the vascular distribution of the LAD. Before ligation, six to eight control measurements of the epicardial MAP and unipolar electrograms were made from defined locations inside and outside the anticipated ischemic region. Epicardial mapping was begun 1 hr after LAD occlusion and embolization and was completed within cy of recordings close to the visible cyanotic border. The distance from the recording sites to the visible border of cyanosis was measured with a flexible ruler and recorded spatially on a map of the epicardial surface. For graphic presentation of mean data the amplitude and dV/dtmax of the MAP and the total ST segment voltage (TQ depression plus "true" ST elevation) were averaged in 2 mm intervals inside and outside the visible cyanotic border.
To assess the effect of duration of ischemia on the ECG measurements, epicardial mapping was repeated in two dogs 3 hr after coronary artery ligation and embolization and at locations similar to those'used in the mapping study performed at 1 hr.
Measurement of myocardial blood flow. Myocardial blood flow before and 1 hr after coronary artery occlusion and distal embolization was determined in six dogs by the radioactive microsphere technique. Two to eight million spheres 10 to 15 gm in diameter were injected into the left atrium of each dog. At the end of each experiment, the dog was killed and the heart removed. Multiple 2 mm wide transmural strips crossing the ischemic border at right angles and extending from 30 mm outside the visible cyanotic border (marked by a suture) to the center of the epicardial cyanotic area were cut from the left ventricular wall. These strips were cut into segments 2 mm in length and then subdivided into epicardial and endocardial halves. Myocardial samples were then counted for radioactivity in a differential well-type scintillation counter. Absolute flow per gram was calculated with the use of counts measured in blood samples withdrawn at a constant rate from the femoral artery.
Results
Epicardial MAPs recorded before ischemia. In figure 1 , D examples of MAP recordings and standard unipolar electrograms obtained from the epicardial surfaces of the canine left ventricles before ischemia are shown. In general, MAP signals demonstrated "full" amplitude within 5 to 10 beats after stable contact of the electrode with the myocardial surface had been established (figure 1, D) . Thereafter, MAP recordings remained stable in amplitude, dV/dtmax, and configuration for continuous recording periods of 1 hr or more. With nonpolarizable electrodes and direct current amplification it was possible to demonstrate a negative diastolic and a positive systolic potential with respect to the zero reference obtained from the diastolic baseline of the epicardial surface recording measured before application of significant contact pressure. Total amplitude of control MAPs recorded from the left ventricular epicardial surface ranged from 35 to 55 mV (mean ± SD, 42 ± 4), which is considerably smaller than amplitudes previously reported for transmembrane action potentials (120 mV). '5 In addition, the ratio of the positive voltage ("overshoot") to the total amplitude was greater in MAP than in intracellular recordings. The total MAP duration measured at 90% repolarization in six dogs was 192 ± 12 msec and the duration of the plateau phase measured at 30% repolarization (MAPD30) was 144 + 12 msec at a constant spontaneous heart rate of 120 ± 5 beats/min. Similar durations have been reported for transmembrane action potentials of canine ventricular myocardium.19
Time course of ECG changes after occlusion and reperfusion of the coronary artery Epicardial MAP recordings. Figure 2 shows the character and time course of changes in MAP recordings and unipolar direct current electrograms recorded simultaneously from a site in the center of the cyanotic region during 5 min of LAD occlusion and subsequent reflow. Twenty seconds after LAD ligation an upward shift of the diastolic potential of the MAP to a less negative value, a decrease in the maximum rate of rise of MAP voltage (dV/dtmax), and a shortening of the duration of the plateau phase (MAPD30) were noted. These changes progressed over the following 4 min, during which time the systolic (positive) potential also decreased. The decreases in the MAP diastolic potential, systolic amplitude, and dV/dtmax were associated in the unipolar electrogram with loss of QRS voltage, TQ segment depression, and true ST segment elevation. After 2 to 5 min of coronary occlusion the MAP markedly decreased in amplitude and upstroke velocity; at the same time, the R wave in the unipolar electrogram 596 CIRCULATION broadened and merged with the markedly elevated ST segment to produce a monophasic complex. Thus, the increase in ST segment voltage in unipolar epicardial electrograms paralleled the decrease in amplitude and dV/dtmax of the MAP after coronary ligation.
Several minutes after coronary ligation alternation in the amplitude and duration of the MAPs frequently occurred. This electrical alternans then persisted until the release of the ligation. Alternation in the MAP was associated with alternation in the amplitude of the T wave in the local unipolar electrograms. In those instances in which ventricular fibrillation occurred after coronary ligation, alternation of the MAP wave form regularly preceded it.
Release of the coronary ligation after 5 min was followed by a rapid restoration of MAP amplitude and dV/dtmax and ST segment voltage to preischemic control levels (figure 2). The mean time course of MAP amplitude and dV/dtmax recorded from sites in the center of the ischemic region after transient LAD occlusions and reperfusion are presented in figure 3 . At any given recording site, changes in the MAP and unipolar electrogram after an initial temporary coronary occlusion occurred at a faster rate and to a greater extent than they did after subsequent temporary occlusions. Therefore, in this analysis of eight occlusions in five dogs only data obtained from second and subsequent temporary occlusions were used. After 30 to 90 sec of coronary artery occlusion, a transient increase in dV/ dtmax to 5 + 3% of control was followed by a rapid and progressive decline to 10 ± 2% of control after 5 min of occlusion. The amplitude of the MAP decreased progressively (without demonstrating an initial overshoot) but to a lesser degree, reaching 50 ± 6% of control after 5 min of coronary artery occlusion. Re Figure 4 , A illustrates representative endocardial MAP recordings and unipolar intramyocardial electrograms recorded in a region of myocardium supplied by the LAD before and during 5 min of coronary occlusion and reperfusion. Beginning 10 to 30 sec after occlusion the amplitude of the MAP plateau decreased and its slope increased. The magnitude and steepness of the initial spike also decreased while its duration increased. As were the changes in epicardial MAP recordings noted after coronary occlusion, the decrease in MAP amplitude was due to both an upward shift in the diastolic potential to a less negative value and a reduction in the (positive) plateau potential. The simultaneously recorded unipolar intramyocardial electrograms showed progressive increase in ST segment elevation and loss of QRS (S wave) amplitude. Since these electrograms were recorded with alternating current-coupled amplification, the relative contributions of TQ segment depression and true ST segment elevation could not be separated. Within 1 min of coronary reperfusion, both MAP and unipolar electrogram recordings returned to their preischemic control configurations. Figure 4 , B shows continuous recordings of endocardial MAPs and subendocardial intramural electrograms during the last 5 sec of a 5 min occlusion period and during the first 25 sec after reflow. This continuous record demonstrates the rapidity with which the amplitude of the initial spike, the height of the plateau phase, and the diastolic baseline of the MAP are restored after the onset of reperfusion. The occurrence of reperfusion arrhythmia after approxi- Efects of regional changes in potassium ion concentration on MAP recordings. After retrograde injection of 1 ml of a 5% potassium chloride solution into a side branch of the LAD, MAPs recorded from the LAD territory demonstrated an immediate upward shift in the diastolic potential (i.e., a loss of negative potential), and decreases in the systolic (positive) potential, duration, and dV/dtmax (figure 5). These changes were accompanied in the simultaneously recorded unipolar epicardial electrogram by a transient increase in QRS voltage, followed by TQ depression and true ST elevation. Regional localization of ischemia by MAP recording. To further examine the precision of MAP recordings for localizing regional myocardial ischemia, epicardial MAP recordings were made with the handheld probe across the border of a region that had been made transmurally ischemic by coronary artery ligation and distal embolization with dental rubber. Figure 6 shows original MAP recordings, their first time derivative (dV/ dt), and adjacent, simultaneously recorded unipolar epicardial electrograms at various distances from the cyanotic border 1 hr after induction of transmural ischemia/infarction. MAPs recorded 20 mm or more outside the visible border of cyanosis had amplitudes, 598 durations, configurations, and dV/dtmaxs comparable to those recorded at distant sites and to those recorded at the same sites before occlusion. Epicardial MAPs recorded from sites 10 mm or less outside the cyanotic border demonstrated noticable decreases in plateau amplitude and duration and decreases in the slope of the final repolarization phase (phase 3), resulting in a more triangular-shaped MAP with a greater total duration. Values for dV/dtma. were also noted to be decreased at these sites. As the MAP recording probe was moved across the cyanotic border, MAP amplitude decreased sharply and dV/dtiax values approached zero 2 mm inside the border. The decrease in MAP amplitude was due to a loss in both diastolic (negative) and systolic (positive) potential. In the center of the ischemic region nearly isopotential recordings at negative potentials ranging from -15 to -5 mV were obtained. In contrast, epicardial ST segment voltages were highest just inside the cyanotic border and decreased progressively toward the center of the ischemic region. As seen in figure 6 , these increases in total ST segment voltage were due to a combination of true ST elevation and TQ segment depression. The relative contribution of TQ segment depression, however, was greater in recordings made inside the ischemic region der of the cyanotic region was determined in six dogs by the radioactive microsphere technique. Myocardial blood flow was 1.42 ± 0.35 ml/min/g in the subepicardial layers and 0.65 + 0.28 ml/min/g in the subendocardial layers 2 to 4 mm outside the visible edge of cyanosis and decreased to 0.01 + 0.05 and 0.01 + 0.02 ml/min/g 2 to 4 mm inside the cyanotic border. These flow data confirm that the technique used to produce transmural infarction in a canine heart resulted in a sharp lateral border of ischemia, with a transition from normal to zero blood flow over a width of only 6 mm.
Effect of duration of ischemia on the definition of the border zone. The influence of the duration of ischemia on the transition of MAP and corresponding ST segment recordings across the cyanotic border was studied in three additional dogs (figure 8 coronary artery occlusion and always preceding the development of ventricular fibrillation has also been observed in microelectrode studies.10-'2 Regional administration of potassium chloride also decreased the diastolic potential, amplitude, duration, and dV/dtmax of the MAP, which is consistent with previously reported intracellular measurements.1'4 21 The similarities between the changes in MAP recordings after coronary occlusion and local potassium ion administration are of interest in that they support the previous suggestion that extracellular accumulation of potassium ion plays an important part in the electrophysiologic changes observed during ischemia. 1,2325 During both ischemia and administration of potassium ion, the decrease in diastolic potential of the MAP was associated with TQ segment depression in the adjacent unipolar electrogram and the decrease in Ischemia that decreases the resting membrane potential and action potential amplitude would also decrease the electrical gradient between adjacent ischemic cells and depolarized cells under the electrode, thereby decreasing the MAP amplitude. With prolonged ischemia the number of electrically active cells5, 12 13 and the degree of electrotonic coupling also decline.4 29 
